tested in half cells against a lithium anode. However, for a practical battery, promising cathodes and anodes must be combined and measured under realistic conditions (thin separator, low amount of electrolyte). Although publications on electrochemical characterization of full cells with silicon anode and intercalation cathodes like layered-oxides, [35] [36] [37] [38] [39] [40] [41] [42] spinels [43] [44] [45] or polyanions [46] [47] [48] have been published, little is known about the importance of capacity balancing in general or consequences of balancing on electrochemical properties in these full cells in particular. There are only few experiments in the literature on the importance of balancing in full cells with graphite anode [49] [50] [51] [52] [53] [54] [55] or silicon anode. 39, 56 They show that on the one hand, an overbalancing of the anode is important to prevent lithium plating which result in shorter cycle life and safety concerns. 49, 51, 53, 55 On the other hand, it is also important to reduce the amount of unused anode material for maximum energy density. 49, 52, 55 In this work, full cells with Li[Ni 0.8 Co 0.1 Mn 0.1 ]O 2 (NCM811) cathode and columnar silicon anode with area capacity ratios of negative to positive electrodes (n/p-ratio) ranging from 1.15 : 1 to 2.70 : 1 are structurally and electrochemically studied. Furthermore, the reasons for the differing performances of various balancings are investigated and discussed in additional half cells and 3-electrode cell experiments.
Experimental
Electrodes.-The NCM811 cathodes with labeled area capacities of 1.0 mA h cm −2 and 2.0 mA h cm −2 were purchased by Custom Cells Itzehoe GmbH. The active material content is 90%, the NCM811 mass loading is 5.6 mg cm −2 respectively 11.2 mg cm −2 and the mass density of the electrode (without current collector) is about 2.6 g cm -3 . The current collector is an aluminum foil with 20 μm thickness.
The silicon anodes were synthesized with a magnetron sputtering process by the Fraunhofer FEP (described in detail by Piwko et al. 32 ) with silicon mass loadings between approx. 0.75 and 1.00 mg cm −2 resulting in area capacities between approx. 2.8 and 3.5 mA h cm −2 .
Electrochemical evaluation.-All cells were assembled in an argon filled glove box (MBraun, <0.1 ppm O 2 and H 2 O). They were tested in a BaSyTec Cell Test System (BaSyTec GmbH) and the temperature was kept constant at 21°C.
Half cell testing.-The specific capacity of the anode and cathode sheets was determined in half cells vs. a lithium anode (Li-Chip, thickness: 250 μm, purity 99.9%, MTI Corporation). CR2016 coin cells (MTI Corp.) were assembled with a polyethylene separator (thickness 12 μm, 0.8 mg cm −2 ) and 30 μl LP47 (1.0 M LiPF 6 in ethylene carbonate (EC)/diethyl carbonate (DEC) 3:7 (m/m)) + 10 w-% fluoroethylene carbonate (FEC) (Solvionic SA) as electrolyte and a stainless steel spacer (Fraunhofer IWS, thickness: 1000 μm).
For the evaluation of the NCM811 in half cells, at the beginning four formation cycles were carried out between 3.0 V and 4.3 V with a rate of C/10 (1C = 215 mA g NCM −1 ) in the first two cycles and C/5 in the third and the fourth cycle containing potentiostatic steps (constant voltage, CV) during charge and discharge until the current drops under C/100 or C/50. The following cycles were performed in the same voltage window with C/5 and a CV step only during the charge step.
The silicon half cells were firstly discharged (lithiated) with a current of 0.1 mA cm −2 (approximately C/27 ∼ C/36 for 1C = 3579 mA g Si −1 ) until 0.05 V and then charged with the same current to 1 V. 50 mV was set as voltage limit to avoid the formation of crystalline Li 15 Si 4 which leads to internal stress and fast capacity decay. 9 After this formation cycle, the cells were cycled in the voltage window between 0.05 V and 1 V with a current of 0.5 mA cm −2 (approximately C/5 ∼ C/7).
For the tests with different end of charge/discharge voltages, all steps were equal and only the voltage windows were adjusted.
Full cell evaluation.-For the balancing of the full cells, the first cycle theoretical specific charge capacity of the anode (3579 mA h g Si −1 ) and the first cycle specific discharge capacity, based on the half cell characterization, of the cathode (230 mA h g NCM -1 ) were used for the calculation of the areal capacities. The n/p-ratio of the full cells was determined by these areal capacities. The following n/p-ratios were examined: 1.15 : 1; 1.30 : 1; 1.40 : 1; 2.00 : 1, 2.70 : 1. The full cells were tested in a coin cell setup (MTI Corp., CR2016) with the same PE separator, 30 μl LP47 + 10 w-% FEC electrolyte and spacer. The test protocol was similar to the NCM811 half cells with a modified voltage window between 2.2 V and 4.2 V. The C-rate was calculated on the cathode capacity.
Three-electrode-measurements.-Three-electrode cells (ECC-Ref, EL-Cell GmbH), containing a silicon anode and a NCM811 cathode, with n/p-ratios of 1.15 : 1 and 2.70 : 1 were assembled with the same electrolyte (350 μl) and a glass fiber separator (thickness 1.55 mm, EL-Cell GmbH) which is required for the implementation of the metallic lithium (purity 99.9%, MTI Corporation) as reference electrode. The cells were tested with the same test procedure as for the coin cell testing.
Scanning electron microscopy (SEM).-
The images were taken using a scanning electron microscope JSM-6610LV (JEOL GmbH) with detection of secondary electrons. For the post-mortem characterization, the cycled coin cells were opened in the glove box and the electrodes were washed for 10 s in DEC and then dried at room temperature before the SEM measurements.
Results and Discussion
Firstly we characterized the silicon anode and the NCM811 cathode material with X-ray diffraction (XRD), Raman spectroscopy and electrochemically in a half cell setup (Fig. S1 , S2 and S3 in the Supporting Information) before we combined both electrodes in the full cell setup and evaluated the influence of the balancing.
The results of the half cell characterization of the silicon thin film anode and the NCM811 cathode emphasize the high potential of both materials for lithium ion batteries ( Figure S3 ):
The NCM811 cathode has an initial specific charging capacity of 230 mA h g NCM −1 and discharge capacity of 215 mA h g NCM −1 . Therefore the NCM811/Li half cells reach a Coulombic efficiency (CE) of 92.9% in the first cycle. This is in accordance to the results of other groups. 7, 57, 58 The average CE between the second and 50 th cycle is 99.6%.
During the first discharge (lithiation), the silicon thin film anode has a specific capacity of approximately 3200 mA h g Si −1 . The specific charge capacity of the first cycle is approximately 3000 mA h g Si −1 whereby an efficiency of 93.7% was achieved. This initial CE (ICE) is comparably high for 100% silicon anodes and shows the low ratio between surface and volume of the columnar electrode which is desirable because a lower amount of lithium ions is needed to form the solid electrolyte interface (SEI). The SEI grows on the silicon surface during the first charge and consists of electrolyte decomposition products and Li + ions. 59 The specific charge capacity is stable for 50 cycles and in this period the average CE is 99.2%. When cycling a silicon electrode with high areal capacities (higher than ∼2.5 mA h cm −2 ) against lithium, it is known that the lithium surface does not remain stable during cycling as a reason of high amounts of transported charges. 60, 61 This might cause partial short circuits through dendrites which led to the decay of the half cell capacity after 50 cycles.
The ICE of NCM811 and the silicon thin film in the half cell tests is similar which is favorable to reach an energy density as high as possible. 56 In conclusion, both electrode materials are capable for the usage in full cells given to their high cycle stability and reversibility.
Based on the half cell results, we calculated the areal capacity of each electrode and assembled full cells with different n/p-ratios. The employed n/p-ratios were 1.15 : 1, 1.30 : 1, 1.40 : 1, 2.00 : 1 and 2.70 : 1, and we used a slightly overbalanced anode in all cases to prevent lithium plating. For each balancing, we characterized three cells. The averaged specific discharge capacity vs. cycle number can be seen in Fig. 1a .
The NCM811/Si full cells with a high n/p-ratio of 2.00 : 1 or 2.70 : 1 show a remarkably worse electrochemical performance than the full cells with a low n/p-ratio (1.15 : 1, 1.30 : 1, 1.40 : 1). Whereas cells with a balancing of 1.15 : 1 provide a specific discharge capacity of approx. 200 mA h g NCM −1 in the first cycle and 130 mA h g NCM −1
in the 50 th cycle, the cells with a n/p-ratio of 2.70 : 1 deliver only 190 mA h g NCM −1 (1 st cycle) and 115 mA h g NCM −1 (50 th cycle), respectively. This means that there are differences in the first cycle discharge capacities but also in the capacity retention after 50 cycles (normalized discharge capacities in Figure 1b ). In the n/p-ratio range between 1.15 : 1 and 1.40 : 1, the results are similar but the cells with a balancing of 1.40 : 1 show slightly better discharge capacities than the other cells. The CE and the charge capacity in the first cycle are also influenced by the balancing of the NCM811/Si full cell ( Fig. 1c ). Even though the initial specific charge capacity increased with rising n/p-ratio, the initial specific discharge capacity declines, resulting in a lower ICE. With a balancing of 1.15 : 1, an ICE of approx. 86% was reached whereas cells with a balancing of 2.70 : 1 achieve only 76% in the first cycle. During the first charge, it is known that a SEI grows on the silicon surface, and this process consumes Li + -ions leading to irreversible capacity loss due to the limited amount of lithium in the full cell. The reason for the different CE is schematically explained in Fig. 2 . Assuming the use of an anode with constant areal capacity, the increase of the n/p-ratio results in a cathode with smaller area capacity. Consequently, this leads to a lower amount of lithium in the full cell. The loss of Li + ions during the first charge and lithiation of the anode is for both full cells similar, but the relative loss is higher for the cells containing a cathode with smaller capacity resulting in a lower initial CE. After the first cycle the differences in the CEs become smaller but are still pronounced in the first 10 cycles: The cells with an n/p-ratio of 1.15 : 1 reach a CE of 95.7% (2 nd cycle), 95.5% (5 th ) and 98.9% (10 th ), whereas the cells with a balancing of 2.70 : 1 reach only 92.9% (2 nd ), 95.2% (5 th ) and 98.3% CE (10 th ). Due to the constant volume change of the silicon active material during cycling, the SEI is partially broken and rebuild which leads to a CE lower than 100%.
In order to explain the increasing initial charge capacity with rising n/p-ratio, it is necessary to understand the full cell voltage profile and how it is developed during cycling. For this reason, we assembled 3-electrode cells consisting of NCM811 as cathode, silicon as anode and lithium metal as reference electrode. In 3-electrode cells it is possible to differentiate the potential profile of the cathode and anode, cathode material and higher charge capacity of the full cells with high n/p-ratio in the first cycle (Fig. 1c ). This effect can easily be explained with the voltage profile of the silicon anode in a half cell vs. Li in Fig. 3c . In contrast to other anode materials like graphite or lithium, amorphous silicon has a less constant voltage plateau during lithiation and the voltage depends stronger on the state of charge. When full cells are built with different n/p-ratios, the anode is utilized differently during cycling. In case of a high overbalancing of the anode, only a small amount of the silicon would be lithiated resulting in a higher anode potential at the end of charge. In Fig. 3c the n/p-ratios of a possible full cell are converted in fractions of the theoretical capacity of silicon (3579 mA h g Si −1 ) for example 3112 mA h g Si −1 for n/p-ratio 1.15 : 1 and 1326 mA h g Si −1 for 2.70 : 1. The corresponding voltages in a silicon half cell are 0.07 V (for 3112 mA h g Si −1 ) and 0.22 V (for 1326 mA h g Si −1 ). These voltages are lower as the anode voltages in the 3-electrode cells but the difference between the values is similar. Probably the voltages are slightly lower because of additional overpotentials in the 2-electrode setup in contrast to the currentless measurement in 3-electrode cells.
The development of the cathode and anode potentials during the constant voltage step were also investigated in the three-electrode setup to explain the electrochemical processes during this step. At the end of charge (lithiation of silicon) during the CV step, the cathode and anode potential increase slightly. In the CV step kinetic inhibitions are reduced, leading to the decline of overpotentials and to the extraction of additional Li + ions from the cathode (potential development contrary to the decline of overpotentials). Probably at the end of charge, the main kinetic inhibitions are caused by the alloying reaction of Si to Li x Si y in the anode which leads to a slight increase of the anode potential (decrease of overpotentials is dominant) in the CV step. In the highly delithiated cathode there are only minor kinetic inhibitions (low overpotentials) leading to a rising instead of a declining potential due to additional extracted Li + ions.
At the end of discharge (delithiation of the silicon) during the CV step, the potential of the anode rises rapidly and the cathode potential as well. Considering the previous assumptions, the main kinetic inhibitions are caused by the intercalation of Li + ions into the highly lithiated cathode whereas they are only minor kinetic restrictions due to the almost completely delithiated anode. The potential increase at the cathode is higher in the cell with a n/p-ratio of 1.15 : 1 in contrast to the cell with a n/p-ratio of 2.70 : 1. This effect can be explained by the almost doubled thickness of the former compared to the latter cathode (not considering the thickness of the current collector). As the C-rate is calculated with respect to the cathode capacity, a thicker cathode additionally causes a higher areal current at the same C-rate. The two effects lead to stronger restriction of the intercalation of Li + ions in thicker cathodes. This kinetic hindering can be overcome by employing a CV step. Therefore, more charge is extracted during the CV step in the case of the less overbalanced cell (1.15 : 1).
The evolution of the end of charge and the end of discharge voltages for the cathode and anode over 40 cycles are illustrated in ) unless CC License in place (see abstract). ecsdl.org/site/terms_use address. Redistribution subject to ECS terms of use (see 52.11.211.149 Downloaded on 2019-10-10 to IP A3269 in the three-electrode cell with a n/p-ratio of 1.15 : 1 reach 4.46 V and the anode 0.26 V whereas it is 4.39 V and 0.19 V in the 40 th cycle. Throughout the complete experiment, the full cell with a n/p-ratio of 2.70 : 1 shows higher cathode and anode end of charge potentials of 4.50 V (vs. Li/Li + ) and 0.30 V (1 st cycle) versus 4.53 V and 0.33 V (40 th cycle) confirming the previous considerations. On the other hand, the end of discharge potentials increase with rising cycle numbers: 3.48 V/1.28 V (1 st cycle) and 3.60 V/1.40 V (40 th cycle) respectively for the full cell with a n/p-ratio of 1.15 : 1 and 3.57 V/1.37 V (1 st cycle) and 3.80 V/1.60 V for the cell with a balancing of 2.70 : 1, respectively. Through the irreversible loss of Li + ions (e. g. growing of SEI) not all lithium sites in the NCM811 lattice could be filled. This leads to a higher cathode potential even when the anode is completely delithiated. For reaching the full cell end of discharge voltage of 2.2 V, the anode voltage increases. Because of the constantly decreasing amount of cycleable Li + ions in the cathode, both the cathode and anode end of discharge potentials increase during the cycling. The only drop is between the 4 th and 5 th cycle and can be explained with the omission of the CV steps in discharge after the fourth cycle. Overall, the cell with an n/p-ratio of 2.70 : 1 has a higher end of discharge voltage of the cathode than the cell with a n/p-ratio of 1.15 : 1. According to previous explanations, the higher relative lithium loss caused by the higher n/p-ratio (less lithium amount of the cathode) leads to more unfilled lithium sites in the cathode material at the end of discharge and therefore a higher cathode potential. For reaching the same full cell voltage, the anode potential at the end of discharge must also increase.
Examining the influence of the different cutoff voltages on the electrode material, we tested half cells with different voltage windows ( Fig. 5 ). For the cathode material varying end of charge voltages (4.3 V … 4.7 V) were evaluated. In half cells the amount of lithium is not limited because of the oversized lithium anode. In this way, the cumulated capacity loss is discussed to underline all capacity losses in the cell and not only losses of lithium sites in the NCM cathode lattice. The specific capacity of the cells over 50 cycles can be found in the Supporting Information ( Figure S4 ). The cumulated capacity loss is hereby calculated by the difference between the charge and discharge capacity of each cycle, summed up over all cycles. In Figure 5a in the 10 th cycle or 57 mA h g NCM −1 in the 25 th . The cells which are charged to voltages higher than 4.4 V show much increased capacity loss, namely 61 mA h g NCM −1 (10 th ) and 76 mA h g NCM −1 (25 th ) for a maximum of 4.5 V and 73 mA h g NCM −1 (10 th ) and 110 mA h g NCM −1 (25 th ) for 4.7 V, respectively. As mentioned in the literature, these higher capacity losses in NCM811 or other layered oxides could be caused through parasitic electrolyte oxidation on the charged cathode surface, 58, 62, 63 dissolution of cathode material (Co, Mn and Ni ions) [64] [65] [66] [67] or structural transformations on the cathode surface. [68] [69] [70] The silicon half cells, on the other hand, show no significant higher capacity losses, if they are charged (delithiated) to higher voltages ( Fig. 5b) . The cells which are cycled in the voltage window between 0.01 V and 2.00 V have even a slightly lower cumulated capacity loss as the three other cells.
In conclusion, cells with high n/p-ratios (2.00 : 1 and 2.70 : 1) have lower capacity retention (Fig. 1b) because the cathode is charged to higher potentials which caused an enhanced degradation of the cell due to the above mentioned side reactions on cathode side.
For preventing the overcharge of the cathode material, we built a NCM811/Si full cell with a n/p-ratio of 2.70 : 1 and set the voltage window from 2.2 V-4.2 V to 2.2 V -4.1 V. The results of the cell in comparison with a cell with low n/p-ratio (1.15 : 1) and a cell with high n/p-ratio (2.70 : 1), which are both charged to 4.2 V, are shown in Figures 6a and 6b . Although the capacity retention after 50 cycles of the full cell which is charged to 4.1 V is increased to 64% in comparison to 61% (n/p-ratio 2.70 : 1, 4.2 V) ( Fig. 6b) , the performance in terms of discharge capacity (Fig. 6a) is only slightly increased. The main obstacle is the low initial CE which is caused by the high n/p-ratio. Therefore the reduction of the end of charge voltage does not improve the cell performance greatly.
For further investigation of the degradation mechanisms, the NCM811/Si full cells which were cycled 50 times in the voltage window between 2.2 V and 4.2 V are opened and characterized via SEM. The images of the pristine electrodes and cycled electrodes from the full cells with a n/p-ratio of 1.15 : 1 and 2.70 : 1 can be seen in Figure 7 .
The SEM images of the NCM811 electrodes (Figs. 7a-7c) show a homogenous distribution of active material particles which are embedded in a matrix containing a binder and a conductive additive. There are no visible differences between the pristine and the cycled cathodes. Fig. 7 shows top-down and cross section images of the silicon anodes. The silicon was deposited on the copper anode in a columnar growth mode ( Figs. 7d and 7g ). Through cycling, the columns expand irreversibly (Figs. 7h and 7i ) and gaps and empty spaces between islands of columns can be observed ( Figs. 7e and 7f ). During lithiation of silicon, the volume grows which leads to an increase in the column height. In the delithiation step, they shrink in volume which leads to longer but thinner columns and gaps between them. Comparing the two cells with different n/p-ratios, both silicon anodes show slight differences in the size of the gaps. In the cell with an n/p-ratio of 1.15 : 1 the gaps between the silicon columns are wider. The reason for this phenomenon is the higher lithiation degree of this anode due to the higher capacity of the cathode and therefore a higher volume expansion during lithiation/delithiation. Based on the results, rational guidelines for the assembly of full cells with silicon anodes can be derived. The limitation of the anode capacity (to 1200 mA h g Si −1 or below) or high overbalancing of the anode, used in the literature, 44, 46, 59, 71 should be avoided. The anode surface increases with rising n/p-ratio which results in high initial capacity losses through formation of the SEI. Hence, only a slight overbalancing of the anode should be favored. Secondly, it is important to investigate the voltage profiles of the cathode and anode in half cells before full cell assemblage and to develop the voltage window based on these results. This method prevents overcharging of the cathode material to avoid accelerated degradation.
Conclusions
In this work, we analyzed the importance of balancing full cells based on amorphous columnar silicon thin films anodes in combination with NCM811 cathodes. The variation of areal capacity ratio of anode to cathode severely impacts the electrochemical performance revealing a distinct optimum. The highest discharge capacities after 50 cycles were reached with a n/p-ratio between 1.15 : 1 and 1.40 : 1. When increasing the n/p-ratio further, the initial Coulombic efficiency declines. Through the decreasing cathode capacity in combination with constant surface of the anode, the relative loss of capacity through growth of the SEI, increases, leading to the lower initial CE. Furthermore, if cells are assembled with a high n/p-ratio and the anode is only partially utilized, the anode potential is higher at the end of charging as demonstrated by insertion of a third reference electrode. For reaching the same applied full cell voltage at the end of charge, it leads to overcharging the cathode material and therefore accelerated degradation due to side reactions in the cathode or electrolyte depletion. Additionally, the energy density of the cell decreases with increasing n/p-ratio. Summarizing, the anode should have only a slightly higher areal capacity compared to the anode.
